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The recent discovery of two-dimensional (2D) magnetic materials has brought magnetism to the
flatland. This has opened up exciting opportunities for the exploration of fundamental physics as
well as for novel device applications. Here, we predict a new thermodynamically stable 2D magnetic
material, K2CoS2, which retains its in-plane anti-ferromagnetic order down to the monolayer and
bilayer limits. We find that the magnetic moments (2.5µB/Co) are aligned along the intra-Co
chains, from monolayer to bulk. The non-magnetic electronic spectrum of both the monolayer and
bilayer films is found to host flat bands and van-Hove singularities, which in instrumental in giving
rise to the the magnetic ground state. Based on classical Monte-Carlo simulations, we estimate the
Neel temperature for the antiferromagnetic monolayer to be ≈ 15K. Our study thus establishes that
K2CoS2 hosts a robust antiferromagnetic state which persists from the monolayer limit to the bulk
material.
I. INTRODUCTION
The discovery of magnetism in two-dimensional (2D)
materials has opened up exciting possibilities not only
for exploring fundamental physics of magnetism in lower
dimensions but also for the potential use of such ma-
terials in energy storage and quantum information pro-
cessing applications1–10. Generally, the magnetic order-
ing in spin-rotation symmetric 2D systems is suppressed
by thermal and quantum fluctuations, preventing mag-
netism in 2D11. However, this restriction can be over-
come via anisotropic magnetic ordering. One of the ear-
liest theoretical examples of 2D magnetism, dates back
to the exact solution of the 2D Ising model in 194412.
On the experimental side, the magnetism of thin films
has a long history4,13, but the field has seen recent re-
vival following the realization of magnetism in mono-
layer CrI3
1 and Cr2Ge2Te6
2 films. While monolayer
CrI3 is found to be an Ising-type ferromagnet (below
45 K), bilayer Cr2Ge2Te6 is described by a Heisenberg
spin model with additional anisotropic terms. In both
these materials, the interlayer magnetic ordering is an-
tiferromagnetic (AFM). Many other layered materials
have been predicted to support magnetism in their thin-
film limit. Notable examples include FePS3 (Ising-type
anti-ferromagnet)14,15, MnSe2
16, Fe3GeTe2
17, transition
metal tri-halides (AX3)
18–28, transition metal di-halides
(AX2)
29–32 and MXenes33–36.
In this paper, we predict K2CoS2 to be a new ther-
modynamically stable magnetic material with an in-
plane AFM ground state even in the monolayer limit.
Our density-functional-theory based calculations reveal
that K2CoS2 hosts flat bands and Van-Hove singulari-
ties (VHSs) near the Fermi energy in its nonmagnetic
band structure. This coupled with the strong Coulomb
interaction arising from the Co d orbitals results in the
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FIG. 1. (a) The layered crystal structure of bulk K2CoS2
in the magnetic ground state. Magnetic moments of the Co
atoms form an AFM chain-like configuration. (b) The associ-
ated bulk Brillouin zone (BZ) and the surface BZ projected on
to the (001) surface. High-symmetry points are marked. Cal-
culated band structure and density of states of bulk K2CoS2
with Ueff = 4.4 eV for (c) nonmagnetic and (d) AFM state.
magnetic state. Remarkably, bulk K2CoS2 also hosts an
in-plane AFM state, and its magnetic ordering is thus
found to persist even in thin films upto the monolayer
limit.
We explicitly show that the magnetism in monolayer
K2CoS2 is well described by a 2D anisotropic Heisen-
berg model with an onsite anisotropy term. However,
the exchange coupling between the magnetic moments
aligned along the intra-Co-chains is much larger, com-
pared to the corresponding inter-chain coupling. Our
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2TABLE I. Optimized lattice parameters and energy per
Co atom (E) for the nonmagnetic (NM), antiferromag-
netic (AFM), and ferromagnetic (FM) configurations of bulk
K2CoS2. The ground state is the in-plane AFM configura-
tion. Experimental lattice parameters37 in the AFM state
are listed.
Configuration a (A˚) b (A˚) c (A˚) Volume (A˚3) E (eV)
NM 6.625 6.006 12.349 491.495 -17.246
AFM 6.821 6.184 12.714 536.425 -19.423
FM 6.835 6.196 12.739 539.564 -19.357
AFMexp 6.710 6.085 12.491 510.012
Monte-Carlo calculations predict the Neel transition tem-
perature in the monolayer to be TN ≈ 15 K, which is
comparable to the experimentally reported value of 10
K in bulk K2CoS2
37. The paper is organized as follows:
In Sec. II, we discuss the electronic properties and mag-
netic ordering in bulk K2CoS2, followed by the detailed
study of the monolayer in Sec. III. This is followed a
brief exploration of the bilayer K2CoS2 in Sec. IV, and
we summarize our findings in Sec. V.
II. BULK K2CoS2
Bulk K2CoS2 is a ternary chalcogenide that crystallizes
in the orthorhombic space group Ibam (No. 72). The
crystal structure is layered in which individual K2CoS2
layers are extended in the xy plane (see Fig. 1(a)). These
2D K2CoS2 layers are held together by weak van Waals
forces along the vertical (z) direction, forming the 3D
bulk structure. Magnetism originates from Co atoms
which form an edge shared tetrahedral arrangement as
seen in Fig. 1(a). We find that Co-S bonds are stronger
(bond length ∼ 2.37A˚) than the K-S bonds (bond-length
∼ 3.31A˚) in the AFM state. The relaxed lattice pa-
rameters in nonmagnetic (NM), ferromagnetic (FM), and
AFM configurations are listed in Table IV. The ground
state bond lengths and lattice constants for the in-plane
AFM phase in the bulk are consistent with the experi-
mentally reported values37. Importantly, we find that the
volume of the bulk unit cell with the magnetic configu-
rations is larger than that of the nonmagnetic configura-
tion by ∼ 10% (Table IV). This phenomenon is known
as the magneto-volume effect38. It manifests in the
temperature-dependent thermal expansion experiments
on magnetic systems. A discontinuity in the thermal ex-
pansion coefficient can give an estimate of the ordering
temperature along with other relevant properties39.
Based on our GGA+U calculations (see Appendix A
for details), the ground state of bulk K2CoS2 displays
an in-plane AFM ordering of the Co magnetic moments.
Notably, to identify the magnetic easy axis, we include
the spin-orbit coupling (SOC) and compute the energies
for three magnetic moment orientations where Co spins
are aligned along x, y, or z axis for both the AFM and
FM configurations. We find that the energy is minimum
TABLE II. The relaxed lattice parameters of monolayer
K2CoS2 for three different magnetic configurations. Energy
per Co atom (E) is also given for different configurations.
Configuration a (A˚) b (A˚) Area (A˚2) E (eV)
NM 6.448 5.846 37.695 -16.798
AFM 6.675 6.051 40.390 -18.914
FM 6.684 6.059 40.498 -18.849
when the moments are aligned along the Co-Co chain (y
direction, perpendicular to the largest lattice vector) in
an AFM configuration. These results are consistent with
the observed magnetic configuration in neutron diffrac-
tion experiments37. Furthermore, the computed mag-
netic moment of Co atoms is ∼2.5 µB which is in agree-
ment with the experimentally reported value of 2.5 µB
37.
The nonmagnetic band structure along different high-
symmetry directions of the BZ is shown in Fig. 1(c). It
is found to be metallic with multiple band crossings at
the Fermi level. A striking feature of the band structure
is the presence of multiple ‘flat’ bands near the Fermi
level along the S − Y and R − T directions. These flat
bands result in VHSs in the density of states (DOS) [see
right panel of Fig. 1(c)] which often lead to different
many-body instabilities in the lattice, charge, and spin
channels40–42. These VHSs could be responsible for sta-
bilizing the AFM state in K2CoS2.
The band structure of K2CoS2 in the in-plane AFM
configuration is shown in Fig. 1(d). It displays an insu-
lating state with a relatively large bandgap of ∼ 2.69 eV.
We find that the SOC has a negligible effect on the over-
all band structure owing to the lighter constituent atoms
of K2CoS2. However, the inclusion of SOC in the calcu-
lations is essential to break the SU(2) spin-rotation sym-
metry and unraveling the anisotropic magnetic ground
state43,44. The onsite Hubbard interactions arising from
the Co-d orbitals in conjugation with the breaking of the
SU(2) symmetry play a very significant role in determin-
ing the electronic and magnetic properties of the ground
state.
III. MONOLAYER K2CoS2
We now turn to discuss the electronic and magnetic
properties of monolayer K2CoS2. The monolayer struc-
ture was constructed by systematically separating one
layer of K2CoS2 from the bulk. The space group symme-
try of the monolayer is lowered to Pccm (No. 49). The
crystal structure in the AFM configuration is shown in
Figs. 2(a) and (b). Similar to the bulk, the Co atoms are
arranged in chains that extend along the y direction. The
Co-S and K-S bond lengths are 2.37 A˚ and 3.20 A˚, respec-
tively. The relaxed lattice parameters for three different
magnetic configurations for monolayer are listed in Ta-
ble II. The unit cell area in the magnetic configurations is
larger than the nonmagnetic case indicating the presence
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FIG. 2. The (a) side and (b) top view of the AFM crystal
structure of monolayer K2CoS2. The magnetic moments on
Co are aligned along the Co-Co chain in the y direction. (c)
The phonon spectrum for monolayer K2CoS2. (d) The non-
magnetic band structure and density of states (DOS). The
presence of flat bands and VHS near the Fermi energy in-
dicates propensity of the system toward correlated magnetic
quantum states.
of a magneto-volume-like effect similar to the bulk ma-
terial. To showcase the dynamical stability of the mono-
layer, we present the calculated phonon spectrum in Fig.
2(c). The absence of any imaginary frequency in the BZ,
confirms the dynamical stability of K2CoS2 monolayer.
The band structure and DOS of nonmagnetic configu-
ration of monolayer K2CoS2 are shown in Fig. 2(d). Two
‘Dirac like’ linearly dispersing bands along the X¯−S¯ and
Γ¯− Y¯ directions are seen to cross at the S¯ and Y¯ points,
respectively, and they remain degenerate and almost flat
along the entire S¯ − Y¯ line. Importantly, the bandwidth
of these degenerate bands (along S¯ − Y¯ ) is ∼ 10 meV,
which leads to VHSs in the electronic spectrum at the
Fermi energy. Resembling the bulk nonmagnetic band
structure, these flat bands and associated VHSs indicate
the possibility of quantum many-body instabilities in-
cluding magnetism in monolayer K2CoS2.
To unveil the magnetic ground state, we compute the
energies of monolayer K2CoS2 with the magnetic mo-
ments oriented along different directions. The results
are presented in Sec. S2 of the Supplemental Mate-
rial (SM)45. Remarkably, the magnetic ground state of
monolayer stays similar to bulk K2CoS2 with AFM or-
dering of Co magnetic moments which are oriented along
the direction of the Co chains. The robustness of these re-
sults was further checked by calculating the ground state
energy with the on-site Coulomb potential U . We find
that over a large range of U values [see Fig. 3(c)] the
AFM magnetic state remains preserved, indicating the
robustness of our results.
The AFM band structure of monolayer is shown in
Fig. 3(a). It reveals an insulating electronic state with a
relatively large bandgap of ∼2.40 eV which shows that
monolayer K2CoS2 is an AFM insulator. Similar to the
bulk band structure, the bandwidths of several bands
are small, resulting in a relatively large DOS and VHSs.
However, unlike the nonmagnetic case, these VHSs lie
away from the Fermi level owing to the large bandgap
and magnetic ordering. The total DOS near the Fermi
energy is composed of both the Co-d and S-p orbitals as
shown in the local DOS plot in Fig. 3(a). We find the
magnetic moment per Co atom is 2.5µB which is similar
to the bulk magnetic moments of Co atoms.
We present the calculated band structure of the FM
state in Fig. 3(b). The spin-up and spin-down states
are now separated in energy due to the FM ordering.
However, the system preserves the insulating state with
a relatively small bandgap of ∼ 1.77 eV compared to the
AFM state. The spin-splitting of the up and down spin
channel is further evident in the PDOS plot in Fig. 3(b).
To explore the magnetic properties of monolayer
K2CoS2, we calculated the MAE. In this connection,
we construct a minimal spin-interaction Hamiltonian for
monolayer K2CoS2. Our analysis indicates that the MAE
is predominantly dictated by a quadratic spin Hamilto-
nian with nearest-neighbor interactions. The minimal
quadratic spin Hamiltonian that captures the ground
state is
H = −1
2
∑
〈ij〉
[
JxSxi S
x
j + J
ySyi S
y
j + J
zSzi S
z
j
]−∑
i
D(Syi )
2 .
(1)
Here, S is the spin (magnetic moment = 2.5 µB) opera-
tor, i denotes the Co sites, and the summation 〈ij〉 runs
over the nearest-neighbor Co ions. Additionally, Ja with
a = {x, y, z} denotes the anisotropic spin-exchange inter-
action energy, and D is the onsite magnetic anisotropy
parameter. To obtain these parameters, we explicitly cal-
culate the energies of K2CoS2 in the nonmagnetic as well
as different magnetic configurations where the magnetic
moments are considered along the x, y, or z directions.
The value of Ja and D is then obtained from the energy
differences of various magnetic configurations in the FM
and AFM states; see Sec S3. of the SM45 for details.
For Ueff = 4.4 eV, the calculated intra-chain ex-
change integrals and the anisotropy parameter are
{Jx, Jy, Jz, D} = {−5.16,−5.08,−5.16, 0.17} meV.
These parameters further allow us to calculate the MAE
per unit cell by rotating spin in the xy and xz planes as
shown in Figs. 3(d) and (e), respectively. The solid-blue
curves in both the panels are obtained from Eq. (1), i.e,
MAE(θ, φ) = Eθ,φAFM−EyAFM, where θ and φ are the spin
angles with x axis in the xy and xz planes, respectively.
The red triangular points represent the MAE calculated
from first-principles results. The points enclosed by the
green circle in Fig. 3(d) are used to estimate the value of
the anisotropy parameter D (0.17 meV). The excellent
agreement between the MAE calculated from the theo-
retical spin model of Eq. (1) and the DFT calculations
show the efficacy of the effective spin model in Eq. (1).
It should be noted that we obtain the in-plane MAE of
∼ 1.10 meV/unit cell, which is comparable to the MAE
found in CrI3 (1.60 meV/unit cell)
46 and Fe3P (0.72
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FIG. 3. Band structures and orbital projected density of states of monolayer K2CoS2 for (a) AFM and (b) FM configurations.
(c) Variation of the relative energy difference per unit cell (with respect to the lowest energy configuration, Ey) with U , for
different spin orientations in the AFM configuration. Superscripts on the legends imply the corresponding spin orientation.
(d) and (e) show the calculated magnetic anisotropy energy (MAE) per unit cell by rotating the spin within xy and xz planes,
respectively, in the AFM configuration for U = 4.4 eV. The blue solid curves represent the data obtained from the effective spin
Hamiltonian in Eq. (1), i.e., MAE(θ, φ) = Eθ,φAFM - E
y
AFM , and the red triangular points represent the DFT calculated MAE.
Data points enclosed by the green circles were used to calculate the anisotropic exchange parameters of the spin Hamiltonian.
meV/Fe)47. This indicates the robustness of finite tem-
perature magnetism in K2CoS2. We further calculate the
inter-chain exchange integrals between two nearest Co
atoms (in the x direction) on the neighboring Co chains.
These are at least two orders of magnitude smaller (∼
0.01 meV) than the nearest-neighbor Ja values obtained
along the intra Co-chain.
We also estimated the magnetic transition temperature
in monolayer K2CoS2. To this end, we use the spin model
of Eq. (1) along with the next-nearest-neighbor coupling
and perform Monte Carlo (MC) simulations on a 32× 32
spin lattice with 2048 spins. We initialize the spins ran-
domly and during the simulations allow each spin to ro-
tate freely along any direction. At every temperature,
107 steps are used for equilibration and then average val-
ues are calculated over another 105 steps. The magni-
tude of the total spin (per site) in each of the sublattices
is plotted as a function of temperature in Fig. 4(a). We
also calculated the temperature dependence of the spe-
cific heat, which is given by
Cv ∼ 〈E
2〉 − 〈E〉2
T 2
. (2)
The calculated Cv per site is shown in Fig. 4(b). Both
the sublattice magnetization and the specific heat curves
clearly show a magnetic transition from a paramagnetic
to an AFM state on decreasing the temperature below
TN ≈ 15K.
We find that spin interactions in K2CoS2 are domi-
nated by the large intra-chain Heisenberg-like exchange
coupling with an onsite spin anisotropy. This makes
the AFM ordering in K2CoS2 very robust, which per-
sists from bulk to monolayer with almost the same Neel
temperature. To perform an additional check of this, we
explicitly explore the stability and magnetism in bilayer
K2CoS2 in the following section.
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FIG. 5. (a) The crystal structure of the bilayer K2CoS2 where
the Co atoms are coupled antiferromagnetically. (b) The as-
sociated band structure and DOS obtained with Ueff = 4.4
eV.
IV. BILAYER K2CoS2
We prepared a bilayer structure of K2CoS2 by stack-
ing the monolayers in the same order as that of the bulk
structure (see Fig. 5(a)). The two monolayers are thus
not placed on top of each other but the top layer is shifted
with respect to the bottom layer by half a lattice vector
along the x direction. The relaxed lattice parameters
in magnetic and nonmagnetic configurations are summa-
rized in Table III. Similar to the bulk and the monolayer
cases, the AFM state and magneto-volume like effect in
bilayer is also robust. Figure 5(b) shows the calculated
band structure and spin-resolved DOS for AFM bilayer
K2CoS2. This clearly reveals an insulating state with a
large bandgap of ∼2.49 eV and VHSs similar to bulk and
monolayer K2CoS2.
TABLE III. Relaxed lattice parameters (in A˚) of bilayer
K2CoS2. Energies (E) per Co atom are also given for dif-
ferent configurations
Configuration a (A˚) b (A˚) Area (A˚2) E (eV)
NM 6.591 5.975 39.381 -17.091
AFM 6.743 6.113 41.219 -19.160
FM 6.732 6.103 41.085 -18.563
V. CONCLUSION
We predict layered K2CoS2 as a new, thermodynam-
ically stable 2D AFM material with a quasi 1D Neel
ordering of the magnetic moments along the intra-Co-
chains. We show that the interlayer exchange coupling
in K2CoS2 is also antiferromagnetic, making it a unique
system with robust in-plane AFM ordering from mono-
layer to bulk. Our systematic first-principles calculations
reveal the presence of flat bands and VHSs at the Fermi
energy in the nonmagnetic bulk and monolayer K2CoS2
which can stabilize its magnetic state. The classical
Monte Carlo simulations for monolayer K2CoS2 predict
its transition temperature to be TN ≈ 15 K, which is
close to the experimentally observed value for the bulk
material37. Our work paves way for exploring the layer-
dependent magnetism in K2CoS2 and related Co-based
materials A2CoB2, where A = {Na, Rb, and Cs} and
B= {S, Se}.
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Appendix A: Details of ab-initio calculations
We performed ab-initio calculations within the frame-
work of the density functional theory (DFT) using
the Vienna ab-initio simulation package (VASP)48,49.
The exchange-correlation effects were treated within the
generalized gradient approximation (GGA)50. Since
the GGA often fails to correctly describe localized
electrons51, we considered an onsite Coulomb interac-
tion for Co d orbitals within the GGA+U scheme with
Ueff = 4.4 eV. This Ueff was estimated self-consistently
based on the linear response theory as discussed in the
Supplementary Materials (SM)45. The robustness of elec-
tronic and magnetic properties was further confirmed by
varying the Ueff from 0 to 6 eV. We used the kinetic
energy cut-off for the plane-wave basis set as 600 eV and
a Γ-centered 15 × 15 × 1 (12 × 12 × 8) k-mesh52 to per-
form the Brillouin zone (BZ) integration for monolayer
and bilayer (bulk) K2CoS2. The thin-films calculations
were performed using a slab model with a vacuum layer
of 16 A˚ to avoid interaction between the periodically re-
peated images. The in-plane lattice constants and the
atomic positions were optimized until the residual force
on each atom became less than 10−3 eV/A˚. Dynamical
stability of monolayer was confirmed by calculating the
phonon dispersion using the Phonopy code with a 3 × 3
× 1 supercell53.
Appendix B: Estimation of the onsite Hubbard U
parameter
We estimate the onsite Hubbard U parameter for Co d
states in K2CoS2 using the self-consistent method based
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FIG. 6. Variation of Co d states occupancy with different
shifting potential for a single Co atom in monolayer K2CoS2.
on the linear response theory54. Following Ref. [54],
we calculate the Co site occupancies for different val-
ues of ‘shifting potential’ using the interacting response
(charge-self-consistently) as well as the bare response
(non-charge-self-consistently). The calculated variation
in Co d orbital occupancies with the shifting potential
follows a linear relation as shown in Fig. A. This validates
the use of linear response theory to calculate U . We cal-
culate the density response functions (as given in Eq. 18
of Ref. [54]) and evaluate U to be 4.4 eV for monolayer
K2CoS2. For ease of calculation, we have used a single
unit cell with 10 atoms to estimate U . A more precise es-
timation of U needs calculations with a larger supercell.
However, to check the robustness of our results we have
performed calculations with varying U values from 0 to
6 eV. Our results show that the AFM ground predicted
in our paper, remains very robust over a wide range of U
values, justifying our approach.
TABLE IV. Relative energy difference (eV) per unit cell in monolayer K2CoS2, for different magnetic configurations with
different values of Ueff (eV). Energy differences were calculated using: E
x/y/z
AFM/FM - E
y
AFM , for each Ueff . Subscript in the
magnetic notations imply the orientation direction of the magnetic moment.
Configuration Ueff = 0 Ueff = 1.0 Ueff = 2.0 Ueff = 3.0 Ueff = 4.0 Ueff = 4.4 Ueff = 5.0 Ueff = 6.0
AFMy 0 0 0 0 0 0 0 0
AFMx 0.0004 0.0008 0.0009 0.0011 0.0011 0.0011 0.0009 0.0008
AFMz 0.0002 0.0007 0.0009 0.0011 0.0011 0.0011 0.0010 0.0009
FMy -0.0074 0.1983 0.2174 0.1790 0.1408 0.1270 0.1082 0.4187
FMx 5.1720 0.2168 0.2250 0.1838 0.1443 0.1302 0.1110 0.2942
FMz 5.1719 0.2166 0.2250 0.1838 0.1444 0.1302 0.1111 0.2941
Appendix C: Energies of different magnetic
configurations of monolayer K2CoS2 as a function of
U
The calculated relative energy per unit cell for differ-
ent magnetic configurations as a function of Hubbard U
parameter are listed in Table. IV. We find that the mag-
netic ground state is always energetically favorable as
compared to the nonmagnetic ground state of monolayer
K2CoS2. Also, for non-zero U , the magnetic ground state
is AFM in which the magnetic moments are aligned along
the y direction.
Appendix D: Calculation of exchange and
anisotropy parameter for monolayer K2CoS2
To understand the nature of magnetic interactions in
K2CoS2, we constructed a minimal spin model by trial
and error. We now describe the process to calculate the
first and second nearest neighbor (NN) exchange inter-
action for monolayer K2CoS2. The minimal spin Hamil-
tonian with second NN magnetic couplings and onsite
magnetic anisotropy is given by
H = −1
2
∑
〈ij〉
[
Jx,1sti,j S
x
i S
x
j + J
y,1st
i,j S
y
i S
y
j + J
z,1st
i,j S
z
i S
z
j
]
−1
2
∑
〈kl〉
[
Jx,2ndk,l S
x
kS
x
l + J
y,2nd
k,l S
y
kS
y
l + J
z,2nd
k,l S
z
kS
z
l
]
−
∑
i
D(Syi )
2 .
(D1)
Here, the summation 〈ij〉 and 〈kl〉 runs over the 1st and
2nd nearest neighbor Co atoms within the intra-chain
and inter-chain, respectively.
Calculation of J1st:— The nearest-neighbor exchange
coupling (J1st) was calculated using the energy difference
between the AFM and FM configuration of the magnetic
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FIG. 7. Monolayer K2CoS2 with J
1st being (a) AFM and (b)
FM in nature, respectively. Monolayer unit cell is doubled
along x axis to capture the second NN interactions. In both
the cases, J2nd is considered to be FM in nature. All the
magnetic moments are oriented along y direction.
  
y
x
y
x
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J2nd = FMy  
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FIG. 8. Monolayer K2CoS2 with J
2nd as (a) AFM and (b)
FM, respectively. Monolayer unit cell is doubled along x axis
to capture the second NN interactions. J1st is AFM in both
cases. Here the magnetic moments are oriented along the y
direction.
moments of the 1st NN Co atoms within the intra-chain,
while keeping the magnetic moments of the 2nd NN Co
atoms, fixed in the FM configuration (as shown in Fig. 7).
For this configuration we have,
J1sta =
EAFMa − EFMa
8S2
, (D2)
where a = {x, y, z} and S is the magnitude of the mag-
netic moment.
Calculation of J2nd:– The nearest neighbour exchange
coupling (J2nd) was calculated using a similar process.
However, here the magnetic moments on the 1st NN Co
atoms were fixed in the AFM configuration while the
magnetic configuration of the 2nd NN Co atoms were
varied as shown in Fig. 8. With this configuration J2nd
can be obtained as follows
J2nda =
EAFMa − EFMa
8S2
, (D3)
where a = {x, y, z} and S is the magnitude of the mag-
netic moment.
Calculation of the anisotropy parameter D:– The
anisotropy parameter D was calculated using the energy
difference between the AFM configuration with magnetic
moment aligned along x and y direction. In this config-
uration, D can be obtained via the expression,
D =
(ExAFM − EyAFM )− (j1stx + j2ndx − j1sty − j2ndy )4S2
4S2
.
(D4)
∗ sarkar@iitk.ac.in
† bahadursingh24@gmail.com
‡ amitag@iitk.ac.in
1 Bevin Huang, Genevieve Clark, Efre´n Navarro-Moratalla,
Dahlia R Klein, Ran Cheng, Kyle L Seyler, Ding Zhong,
Emma Schmidgall, Michael A McGuire, David H Cobden,
et al., “Layer-dependent ferromagnetism in a van der waals
crystal down to the monolayer limit,” Nature 546, 270–273
(2017)
2 C. Gong, “Discovery of intrinsic ferromagnetism in two-
dimensional van der waals crystals,” Nature 546, 265–269
(2017)
3 Kenneth S. Burch, David Mandrus, and Je-Geun Park,
“Magnetism in two-dimensional van der waals materials,”
Nature 563, 47–52 (2018)
4 David L. Cortie, Grace L. Causer, Kirrily C. Rule, Hel-
mut Fritzsche, Wolfgang Kreuzpaintner, and Frank Klose,
“Two-dimensional magnets: Forgotten history and recent
progress towards spintronic applications,” Advanced Func-
tional Materials 0, 1901414
5 Nitin Samarth, “Condensed-matter physics: Magnetism in
flatland,” Nature 546, 216–218 (2017)
6 Bevin Huang, Genevieve Clark, Dahlia R. Klein, David
MacNeill, Efre´n Navarro-Moratalla, Kyle L. Seyler,
Nathan Wilson, Michael A. McGuire, David H. Cobden,
Di Xiao, Wang Yao, Pablo Jarillo-Herrero, and Xiaodong
Xu, “Electrical control of 2D magnetism in bilayer CrI3,”
Nat. Nanotechnol. 13, 1–5 (2018), arXiv:1802.06979
7 Shengwei Jiang, Lizhong Li, Zefang Wang, Kin Fai Mak,
and Jie Shan, “Controlling magnetism in 2D CrI3by
electrostatic doping,” Nat. Nanotechnol. , 1–5 (2018),
arXiv:1802.07355
8 Kenneth S. Burch, “Electric switching of magnetism in
2D,” Nat. Nanotechnol. 13, 1 (2018)
9 Wenyu Xing, Yangyang Chen, Patrick M Odenthal, Xiao
Zhang, Wei Yuan, Tang Su, Qi Song, Tianyu Wang, Jiang-
nan Zhong, Shuang Jia, X C Xie, Yan Li, and Wei Han,
“Electric field effect in multilayer cr 2 ge 2 te 6 : a ferro-
magnetic 2d material,” 2D Materials 4, 024009 (2017)
10 Kyle L. Seyler, Ding Zhong, Dahlia R. Klein, Shiyuan Gao,
Xiaoou Zhang, Bevin Huang, Efre´n Navarro-Moratalla,
Li Yang, David H. Cobden, Michael A. McGuire, Wang
Yao, Di Xiao, Pablo Jarillo-Herrero, and Xiaodong Xu,
“Ligand-field helical luminescence in a 2D ferromagnetic
insulator,” Nat. Phys. 14, 277–281 (2018)
11 N. D. Mermin and H. Wagner, “Absence of ferromagnetism
or antiferromagnetism in one- or two-dimensional isotropic
heisenberg models,” Phys. Rev. Lett. 17, 1133 (1966)
12 Lars Onsager, “Crystal statistics. I. A two-dimensional
model with an order-disorder transition,” Phys. Rev. 65,
8117–149 (1944)
13 K. De’Bell, A. B. MacIsaac, and J. P. Whitehead, “Dipolar
effects in magnetic thin films and quasi-two-dimensional
systems,” Rev. Mod. Phys. 72, 225–257 (2000)
14 Xingzhi Wang, Kezhao Du, Yu Yang Fredrik Liu, Peng Hu,
Jun Zhang, Qing Zhang, Man Hon Samuel Owen, Xin Lu,
Chee Kwan Gan, Pinaki Sengupta, Christian Kloc, and
Qihua Xiong, “Raman spectroscopy of atomically thin two-
dimensional magnetic iron phosphorus trisulfide (FePS3)
crystals,” 2D Materials 3, 031009 (2016)
15 Jae-Ung Lee, Sungmin Lee, Ji Hoon Ryoo, Soonmin Kang,
Tae Yun Kim, Pilkwang Kim, Cheol-Hwan Park, Je-Geun
Park, and Hyeonsik Cheong, “Ising-type magnetic order-
ing in atomically thin feps3,” Nano Letters, Nano Letters
16, 7433–7438 (2016)
16 Dante J. O’Hara, Tiancong Zhu, Amanda H. Trout,
Adam S. Ahmed, Yunqiu Kelly Luo, Choong Hee Lee,
Mark R. Brenner, Siddharth Rajan, Jay A. Gupta,
David W. McComb, and Roland K. Kawakami, “Room
Temperature Intrinsic Ferromagnetism in Epitaxial Man-
ganese Selenide Films in the Monolayer Limit,” Nano Lett.
18, 3125–3131 (2018), arXiv:1802.08152
17 Shanshan Liu, Xiang Yuan, Yichao Zou, Yu Sheng,
Ce Huang, Enze Zhang, Jiwei Ling, Yanwen Liu, Weiyi
Wang, Cheng Zhang, Jin Zou, Kaiyou Wang, and Faxian
Xiu, “Wafer-scale two-dimensional ferromagnetic fe3gete2
thin films grown by molecular beam epitaxy,” npj 2D Ma-
terials and Applications 1, 30 (2017)
18 Junyi Liu, Qiang Sun, Yoshiyuki Kawazoe, and
Puru Jena, “Exfoliating biocompatible ferromagnetic cr-
trihalide monolayers,” Phys. Chem. Chem. Phys. 18, 8777–
8784 (2016)
19 Wei-Bing Zhang, Qian Qu, Peng Zhu, and Chi-Hang Lam,
“Robust intrinsic ferromagnetism and half semiconductiv-
ity in stable two-dimensional single-layer chromium tri-
halides,” J. Mater. Chem. C 3, 12457–12468 (2015)
20 Junjie He, Shuangying Ma, Pengbo Lyu, and Petr Nachti-
gall, “Unusual dirac half-metallicity with intrinsic ferro-
magnetism in vanadium trihalide monolayers,” J. Mater.
Chem. C 4, 2518–2526 (2016)
21 Yungang Zhou, Haifeng Lu, Xiaotao Zu, and Fei Gao, “Ev-
idencing the existence of exciting half-metallicity in two-
dimensional ticl3 and vcl3 sheets,” Scientific Reports 6,
19407 (2016)
22 Junjie He, Xiao Li, Pengbo Lyu, and Petr Nachti-
gall, “Near-room-temperature chern insulator and dirac
spin-gapless semiconductor: nickel chloride monolayer,”
Nanoscale 9, 2246–2252 (2017)
23 Qilong Sun and Nicholas Kioussis, “Prediction of man-
ganese trihalides as two-dimensional dirac half-metals,”
Phys. Rev. B 97, 094408 (2018)
24 F. Iyikanat, M. Yagmurcukardes, R. T. Senger, and
H. Sahin, “Tuning electronic and magnetic properties of
monolayer [small alpha]-rucl3 by in-plane strain,” J. Mater.
Chem. C 6, 2019–2025 (2018)
25 S. Sarikurt, Y. Kadioglu, F. Ersan, E. Vatansever,
O. Uzengi Akturk, Y. Yuksel, U. Akinci, and E. Ak-
turk, “Electronic and magnetic properties of monolayer
α-rucl3: a first-principles and monte carlo study,” Phys.
Chem. Chem. Phys. 20, 997–1004 (2018)
26 Daniel Weber, Leslie M. Schoop, Viola Duppel, Judith M.
Lippmann, Jrgen Nuss, and Bettina V. Lotsch, “Mag-
netic properties of restacked 2d spin 1/2 honeycomb rucl3
nanosheets,” Nano Letters 16, 3578–3584 (2016)
27 Xian-Lei Sheng and Branislav K. Nikolic´, “Monolayer of
the 5d transition metal trichloride oscl3: A playground for
two-dimensional magnetism, room-temperature quantum
anomalous hall effect, and topological phase transitions,”
Phys. Rev. B 95, 201402 (2017)
28 Shalini Tomar, Barun Ghosh, Sougata Mardanya, Priyank
Rastogi, B.S. Bhadoria, Yogesh Singh Chauhan, Amit
Agarwal, and Somnath Bhowmick, “Intrinsic magnetism
in monolayer transition metal trihalides: A comparative
study,” Journal of Magnetism and Magnetic Materials
489, 165384 (2019)
29 Min Kan, Subash Adhikari, and Qiang Sun, “Ferromag-
netism in mnx2 (x = s, se) monolayers,” Phys. Chem.
Chem. Phys. 16, 4990–4994 (2014)
30 Houlong L. Zhuang and Richard G. Hennig, “Stability and
magnetism of strongly correlated single-layer vs2,” Phys.
Rev. B 93, 054429 (2016)
31 Cong Wang, Xieyu Zhou, Yuhao Pan, Jingsi Qiao, Xi-
anghua Kong, Chao-Cheng Kaun, and Wei Ji, “Layer and
doping tunable ferromagnetic order in two-dimensional
Crs2 layers,” Phys. Rev. B 97, 245409 (2018)
32 A. S. Botana and M. R. Norman, “Electronic structure and
magnetism of transition metal dihalides: Bulk to mono-
layer,” Phys. Rev. Materials 3, 044001 (2019)
33 Mohammad Khazaei, Masao Arai, Taizo Sasaki, Chan-
Yeup Chung, Natarajan S. Venkataramanan, Mehdi Es-
tili, Yoshio Sakka, and Yoshiyuki Kawazoe, “Novel elec-
tronic and magnetic properties of two-dimensional tran-
sition metal carbides and nitrides,” Advanced Functional
Materials 23, 2185–2192 (2013)
34 Yong Zhang and Feng Li, “Robust half-metallic ferromag-
netism in cr3c2 mxene,” Journal of Magnetism and Mag-
netic Materials 433, 222 – 226 (2017)
35 Junjie He, Pengbo Lyu, and Petr Nachtigall, “New two-
dimensional mn-based mxenes with room-temperature fer-
romagnetism and half-metallicity,” J. Mater. Chem. C 4,
11143–11149 (2016)
36 Hemant Kumar, Nathan C. Frey, Liang Dong, Babak Ana-
sori, Yury Gogotsi, and Vivek B. Shenoy, “Tunable mag-
netism and transport properties in nitride mxenes,” ACS
Nano, ACS Nano 11, 7648–7655 (2017)
37 W. Bronger and C. Bomba, “Ternre cobaltchalkogenide
a2cox2 mit a na, k, rb, cs und x s, se. synthese, struktur
und magnetismus,” Journal of the Less Common Metals
158, 169 – 176 (1990)
38 Yoshinori Takahashi, Spin fluctuation theory of itinerant
electron magnetism, Vol. 9 (Springer, 2013)
39 Sheng Ran, Christian T. Wolowiec, Inho Jeon, Naveen
Pouse, Noravee Kanchanavatee, Benjamin D. White,
Kevin Huang, Dinesh Martien, Tyler DaPron, David Snow,
Mark Williamsen, Stefano Spagna, Peter S. Riseborough,
and M. Brian Maple, “Phase diagram and thermal ex-
pansion measurements on the system uru2-xfexsi2,” Pro-
ceedings of the National Academy of Sciences 113, 13348–
13353 (2016)
40 Marcus Fleck, Andrzej M. Oles´, and Lars Hedin, “Mag-
netic phases near the van hove singularity in s- and d-band
hubbard models,” Phys. Rev. B 56, 3159–3166 (1997)
41 R. Hlubina, S. Sorella, and F. Guinea, “Ferromagnetism
in the two dimensional t − t′ hubbard model at the van
hove density,” Phys. Rev. Lett. 78, 1343–1346 (1997)
42 H. Q. Lin and J. E. Hirsch, “Two-dimensional hubbard
model with nearest- and next-nearest-neighbor hopping,”
9Phys. Rev. B 35, 3359–3368 (1987)
43 G Y Guo, W M Temmerman, and H Ebert, “First-
principles determination of the magnetization direction of
fe monolayer in noble metals,” Journal of Physics: Con-
densed Matter 3, 8205–8212 (1991)
44 J. C. Tung and G. Y. Guo, “Systematic ab initio study
of the magnetic and electronic properties of all 3d transi-
tion metal linear and zigzag nanowires,” Phys. Rev. B 76,
094413 (2007)
45 See Supplemental material for details of (i) estimation of
the onsite Hubbard parameter, (ii) energies of different
magnetic configurations and (iii) calculation of the ex-
change and anisotropy parameter.
46 Baishun Yang, Xiaolin Zhang, Hongxin Yang, Xiufeng
Han, and Yu Yan, “Strain controlling transport properties
of heterostructure composed of monolayer cri3,” Applied
Physics Letters 114, 192405 (2019)
47 Shuang Zheng, Chengxi Huang, Tong Yu, Meiling Xu,
Shoutao Zhang, Haiyang Xu, Yichun Liu, Erjun Kan, Yan-
chao Wang, and Guochun Yang, “High-temperature fer-
romagnetism in an fe3p monolayer with a large magnetic
anisotropy,” The journal of physical chemistry letters 10,
2733–2738 (2019)
48 Georg Kresse and Ju¨rgen Furthmu¨ller, “Efficient itera-
tive schemes for ab initio total-energy calculations using a
plane-wave basis set,” Physical review B 54, 11169 (1996)
49 Georg Kresse and D Joubert, “From ultrasoft pseudopo-
tentials to the projector augmented-wave method,” Phys-
ical Review B 59, 1758 (1999)
50 John P. Perdew, Kieron Burke, and Matthias Ernzerhof,
“Generalized gradient approximation made simple,” Phys.
Rev. Lett. 77, 3865–3868 (1996)
51 Daniele Torelli, Kristian S Thygesen, and Thomas Olsen,
“High throughput computational screening for 2d ferro-
magnetic materials: the critical role of anisotropy and local
correlations,” 2D Materials 6, 045018 (2019)
52 Hendrik J. Monkhorst and James D. Pack, “Special points
for brillouin-zone integrations,” Phys. Rev. B 13, 5188–
5192 (1976)
53 A Togo and I Tanaka, “First principles phonon calculations
in materials science,” Scr. Mater. 108, 1–5 (2015)
54 Matteo Cococcioni and Stefano de Gironcoli, “Linear re-
sponse approach to the calculation of the effective interac-
tion parameters in the LDA + U method,” Phys. Rev. B
71, 035105 (2005)
